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Abstract 
 
Previous studies conducted by this research team 
have proven that fired ceramic wastes can be viably 
used as an alternative prime material in Portland 
cement clinker manufacture. Chemical analysis of 
the resulting clinkers revealed greater amounts of 
ZnO, ZrO2 and B2O3 than found in conventional 
Portland cement clinker, as well as a higher β-C2S 
content. In addition, α’HC2S was observed to stabilize, 
due primarily to the presence of B2O3. 
The present study aimed to obtain more highly 
reactive belite cement clinkers made with ceramic 
wastes and to ascertain their reactivity and stability 
when CaSO4·2H2O was added to the raw mix. 
The findings showed that the addition of ceramic 
wastes and gypsum had no effect on clinker 
reactivity or burnability. Despite the high C2S content 
found in these clinkers (20-60%), their hydration 
rates were comparable to hydration reaction times in 
conventional Portland cements. 
 
Keywords: ceramic waste, CaSO4, belite cements, 
conduction calorimetry 
 
INTRODUCTION 
 
Belite cements are characterized by their high C2S 
content. They are regarded to be environmentally 
friendly because their manufacture consumes less 
energy than conventional cement processes: the 
formation of C2S calls for 1336.8 kJ/kg clinker, 
whereas it takes 1848.1 kJ/kg to form C3S [1]. This 
difference translates into a 15-20 % energy savings 
during manufacture [2]. Moreover, the increased C2S 
content in the mineralogy of this cement reduces the 
LSF (Lime Saturation Factor), contributing to a 
decline in limestone consumption and consequently 
to lower GHG (Grenhouse Gas), specifically CO2, 
emissions. Belite cements hydrate more slowly than 
conventional Portland cements, however [2]. One of  
 
 
 
today’s lines of research, then, pursues the activation 
of belite cements to obtain strength values similar to  
the levels characteristic of Portland cement. This 
question may be broached in a number of ways. One 
consists in stabilizing polymorphic forms at high 
temperatures or including ions in the β-C2S structure 
that enhance its reactivity in hydration processes [3]. 
 Prior research [4] showed that the chemical 
and mineralogical composition of certain types of 
fired ceramic wastes, namely porous red, white and 
multi-colour tile, would possibly make it suitable for 
use as an alternative prime material in cement raw 
mixes. The chemical composition of this ceramic 
waste includes ZnO, ZrO2 and B2O3, while the 
clinkers obtained have high β-C2S content. Their 
α’HC2S, in turn, is stabilized, due essentially to the 
presence of B2O3 [5,6]. 
 Furthermore, sulfates are known to play a 
mineralizing role in C2S stabilization [3]. 
The present study aimed to obtain belite 
clinkers from raw mixes in which fired ceramic waste 
and CaSO4 in the form of gypsum were used as 
alternative prime materials. 
 
EXPERIMENTAL 
 
Raw mix preparation 
 
The chemical composition of the prime 
materials is given in Table 1. The mixed ceramic 
waste (MCW) chosen consisted in fired tile made 
from red and white clay, with a particle size ranging 
from 45 to 90 µm.  
Calcium sulfate (CaSO4) in the form of 
gypsum (CaSO4·2H2O) was added to the raw mix at 
rates of 2.60 and 3.90 % (wt) of the raw mix. These 
mixes had lime saturation factor (LSF) values of 85 
or 90 %.  
A total of 12 raw mixes were prepared. The 
proportioning and LSF for the prime materials are 
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given in Table 2. The raw mixes containing ceramic 
waste were made with limestone, iron oxide and an 
amount of ceramic waste around 18%. 
 
Table 1. Chemical composition of the prime materials (% wt) 
 L C S G MCW 
LOI 40.50 9.33 2.09 21.32 0.15 
SiO2 5.6 51.7 89.4 1.4 63.0 
Al2O3 1.3 15.2 3.90 0.36 16.30 
Fe2O3 0.66 5.92 0.61 0.20 4.40 
CaO 51.07 3.99 2.06 32.4 6.67 
MgO 0.58 5.17 0.03 0.63 2.55 
Na2O <0,01 0.53 0.07 ----- 0.81 
SO3 ----- 2.6 ----- ----- 0.04 
ZnO ----- ----- ----- ----- 0.31 
ZrO2 ----- ----- ----- ----- 0.25 
B2O3 ----- ----- ----- ----- 0.15 
SO3 ----- ----- ----- 44.40 ----- 
 
LOI-Loss on ignition, L-Limestone, C-Clay, S- Sand, G-Gypsum, 
MCW-Mixed ceramic waste 
 
Table 2. Prime materials in raw mix: proportioning (%) and lime 
saturation factor (LSF) 
 L C S I G MCW LSF 
M1 79.87 18.07 1.70 0.34 0.00 ----- 85 
M2 81.45 ----- ----- 0.70 0.00 17.86 85 
M3 81.17 16.94 1.60 0.32 0.00 ----- 90 
M4 82.68 ----- ----- 0.66 0.00 16.66 90 
M5 76.73 17.93 1.7 0.34 3.28 ----- 85 
M6 78.29 ----- ----- 0.70 3.28 17.74 85 
M7 78.01 16.81 1.6 0.32 3.28 ----- 90 
M8 79.51 ----- ----- 0.65 3.28 16.56 90 
M9 75.15 17.86 1.7 0.34 4.93 ----- 85 
M10 76.70 ----- ----- 0.69 4.93 17.68 85 
M11 76.42 16.75 1.6 0.32 4.93 ----- 90 
M12 77.92 ----- ----- 0.65 4.93 16.50 90 
 
L-Limestone, C-Clay, S-Cand, I-Iron G-Gypsum, MCW-Mixed ceramic 
waste LSF-Lime saturation factor 
 
Pellets weighing around 4 g and measuring 
about 3 cm in diameter were made from each mix. 
These pellets were clinkerized in the furnace at 
1350ºC for 45 minutes and then cooled at ambient 
temperature. The results obtained were compared in 
all cases to the findings for a Portland clinker and 
cement, MREF, prepared in the laboratory from an 
industrial raw mix, as well as to a clinker and cement 
in which the clay and sand were wholly replaced by 
13.86 % ceramic waste, MMCW. Both of these mixes 
were obtained at 1450ºC for 30 minutes and cooled 
at ambient temperature. 
The following tests were conducted on the 
clinker obtained: 
1.- Determination of the free lime content as 
described in Spanish standard UNE 1-80-24386 
2.- XRD quantitative mineralogical analysis (Rietveld 
method) 
3.- Isothermal conduction calorimetry to monitor the 
hydration processes. The water/clinker ratio was 0.4. 
Pastes were mixed for 3 minutes, after which trials 
were conducted at a temperature of 25 ºC. 
 
RESULTS AND DISCUSSION 
 
Figure 1 shows the percentage of free lime found for 
the belite and reference clinkers, with and without 
ceramic waste, and for MREF and MMCW. While the 
highest values were observed for the raw mixes with 
an LSF of 90 %, the CaOfree content never exceeded 
0.7 %. These low free lime values show that nearly 
all the available CaO combined, which would explain 
the high reactivity and burnability of these mixes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Free lime (%) 
 
According to the mineralogical analysis, 
these clinkers consisted in β-C2S, C3A, C4AF and 
monoclinic C3S. The α’H form of C2S was also 
identified in clinkers M1 to M4. The highest α’H 
content was found in M2, with 38.73 %, and M4, with 
27.32 %, clinkers contained ceramic waste. The 
addition of CaSO4 stabilized the polymorphic form 
β-C2S [3], whose effect prevailed over the influence 
exerted by the ceramic waste.  
Figure 2 show the variation in the C3S and 
C2S content with the variables studied (MCW, LSF, 
CaSO4). 
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As expected, the quantitative analysis 
revealed a higher C2S content in the clinkers with an 
LSF of 85 %, regardless of the concentration of 
CaSO4 added to the raw mix. 
Adding ceramic waste to the raw mix raised 
the C2S content by 2 to 4 % in all cases, a rise that 
was unaffected by the lime saturation factor or the 
amount of CaSO4 added to the mix. These results 
show that the ceramic waste stabilized C2S 
formation.  
The presence of CaSO4 induced a rise in the 
C2S content. Indeed, the highest C2S concentration 
was observed in clinkers with an LSF of 85 % and 3.9 
% CaSO4. This confirmed the stabilizing effect of 
C2S. 
 
 
 
 
 
 
 
 
 
 
 
a) LSF 85%  
 
 
 
 
 
 
 
 
 
 
 
b) LSF 90%  
Figure 2. Percentages of C3S and C2S 
 
A calorimetric study was conducted on the 
clinkers obtained. The heat flow and heat of 
hydration curves are shown in Figure 3. The belite 
clinkers were compared to the reference cement, 
MREF, and cement made with mixed ceramic waste, 
MMCW. 
 Further to the calorimetric findings, adding 
any percentage (2.6 or 3.9%) of CaSO4 to the raw 
mix shortened the hydration start time. The addition 
of CaSO4 also shortened the peak time for hydration  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Heat of hydration and heat flow curves 
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product mass precipitation. The times observed were 
comparable to the findings for cements MREF and 
MMCW, which contained 73.2 and 63.4 % C3S, 
respectively. These results are an indication that 
despite the higher C2S content, the hydration 
reactions took place at a faster rate and 
consequently that the C2S was activated.  
The total heat of hydration in the belite 
clinkers was higher in all cases than in the reference 
clinker, MREF, and clinker MMCW, a finding that 
denotes more intense precipitation of reaction 
products. 
 
CONCLUSIONS 
 
The addition of ceramic waste and CaSO4 had no a 
negative effect on raw mix reactivity or urnability. The 
clinkers obtained contained from 20 to 60 % C2S.The 
highest content was observed in clinkers having an 
LSF of 85 %, mixed ceramic waste, MCW and 3.9 % 
CaSO4.The hydration reaction rates in the clinkers 
containing CaSO4 were acceptable and comparable 
to the rates found for Portland cement. 
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